We report a high-spatial-resolution and long-range distributed temperature sensor through optimizing differential pulse-width pair Brillouin optical time-domain analysis (DPP-BOTDA). In DPP-BOTDA, the differential signal suffers from a signal-to-noise ratio (SNR) reduction with respect to the original signals, and for a fixed pulse-width difference the SNR reduction increases with the pulse width. Through reducing the pulse width to a transient regime (near to or less than the phonon lifetime) to decrease the SNR reduction after the differential process, the optimized 8∕8.2 ns pulse pair is applied to realize a 2 cm spatial resolution, where a pulse generator with a 150 ps fall-time is used to ensure the effective resolution of DPP-BOTDA. In the experiment, a 2 cm spatial-resolution hot-spot detection with a 2°C temperature accuracy is demonstrated over a 2 km sensing fiber.
Introduction
For two decades, distributed Brillouin optical fiber sensors have gained much interest for their potential capabilities of monitoring temperature and strain, which find applications in civil and structural engineering, environmental monitoring, geotechnical engineering, and similar fields. Brillouin optical time-domain reflectometry (BOTDR) [1] [2] [3] and Brillouin optical time-domain analysis (BOTDA) [4, 5] have been proposed for effective distributed sensing. BOTDR makes use of spontaneous Brillouin scattering with the advantage of only one-end access, while BOTDA is generally built up in a loop configuration for counterpropagating pump and probe waves to create stimulated Brillouin scattering (SBS) featuring a much better signal-to-noise ratio (SNR). However, for both cases, there is a trade-off between the spatial resolution and the measurement accuracy. The spatial resolution is determined by the pulse width and can be improved by using a short pulse; meanwhile a short pulse will give a broadened Brillouin gain spectrum (BGS) and a weak Brillouin signal, especially when it is smaller than the phonon lifetime (∼10 ns in silica fiber). These restrictions prohibit one from improving the spatial resolution through simply shortening the pulse width [6] . Generally, it is accepted that the spatial resolution is no better than 1 m for conventional Brillouin timedomain sensors.
In recent years, much attention has been paid to improving the spatial resolution, and several novel techniques have been proposed. Such progresses bring the spatial resolution to the order of cm and even mm [7] [8] [9] [10] [11] [12] [13] [14] [15] [16] [17] . Among these techniques, there is one kind sharing the common working principle of preexcitation of a weak acoustic wave [7] [8] [9] [10] [11] , which was first observed in [7] . In this technique, a preexcitation acoustic field is created via electrostriction through the interference of a weak CW pump wave and a counterpropagation CW signal wave, and then a very short pulse or dark pulse can be applied to obtain a high spatial resolution. However, with this kind of technique, it is expected that the sensing range is limited by the pump depletion. Using a finite-duration prepump [10] or a dark base [11] can overcome the pump depletion and thus extend the sensing range; however, due to the contribution from the prepump wave on the spectrum, there could be a frequency error in the case of a small strain or temperature change over a short section length.
More recently, a novel differential technique has been proposed, in which two separate measurements are implemented with two different pulses, and the differential signal is obtained by making subtraction between the two Brillouin signals [13, 14] . A high spatial resolution can be achieved by using a small pulse-width difference of the pulse pair. The differential technique can be realized by two methods: π-phase-shift pulse pair [13] and differential pulsewidth pair (DPP) [14] . In the π-phase-shift pulse pair, two pulses share the same pulse width, except that the last portion of the second pulse is phase inverted (with π phase shift); the DPP simply uses two pulses with different pulse widths. Both techniques have shown the capabilities of high spatial resolution and long-range sensing [18, 19] .
In this paper, we first theoretically investigate the DPP-BOTDA signal, and the simulation results show that the differential signal suffers from a reduction in SNR with respect to the two original signals, which indicates that the spatial resolution cannot be improved through always reducing the pulsewidth difference of the pulse pair in terms of the SNR. In the experiment, we present an optimized scheme by reducing the DPP to a transient domain to obtain a cm-order spatial resolution. Using the 8∕8.2 ns pulse pair, we achieve a 2 cm spatial resolution with a 2°C temperature accuracy over a 2 km length, which, to the best of our knowledge, is the best performance in such a length for BOTDA systems.
Theoretical Description and Simulations
The SBS process can be described by onedimensional coupled wave equations involving a backward pump wave (−z direction), a forward Stokes wave (z direction), and a backward acoustic wave. Under the slowly varying envelope approximation, the three-wave coupled wave equations are written as [20] − ∂E p ∂z n c
Here E p , E s , and Q are field amplitudes of the pump wave, Stokes wave, and acoustic waves, respectively; n is the refractive index of the optical fiber; c is the light speed in vacuum; Γ Γ B ∕2 iΔΩ; Γ B ∕2π is the Brillouin gain linewidth (FWHM); ΔΩ ω p − ω S − Ω B is the detuning from the Brillouin frequency shift (BFS); and ω p , ω S , and Ω B are the annular frequencies of the pump, Stokes, and Brillouin shift, respectively. In Eqs. (1), E p and E s are normalized so that jE p j 2 and jE S j 2 are the optical intensity of the pump and Stokes waves, respectively. Integrating Eq. (1c) gives
Substituting Eq. (2) into Eqs. (1a) and (1b), we have
where g 0 4g 1 g 2 ∕ηΓ B is the Brillouin gain coefficient. Equation (3) can be used to numerically solve the evolution of the pump and Stokes waves in an optical fiber. We use the following parameters to do the numerical simulation in a standard singlemode fiber: L 10 m, λ 1550 nm, A eff 50 μm 2 , Γ B ∕2π 30 MHz, and g 0 2.5 × 10 −11 m∕W. The DPP-BOTDA is implemented as follows: first, two time traces of the Brillouin signal are obtained by using two pulses with different pulse widths; second, the differential signal is obtained by taking subtraction between the two Brillouin signals; then the differential Brillouin spectra can be obtained by sweeping the frequency offset in the vicinity of the BFS. The DPP-BOTDA features a high spatial resolution, which is determined by the pulse-width difference of the differential pulse pair. With the frequency offset tuned to the BFS of the optical fiber, Fig. 1 shows the time traces of the Brillouin signal at the start region of the fiber with a 8∕8.2 ns pulse pair, which is used in the following experiment. The 8 and 8.2 ns pulses give 80 and 82 cm spatial resolutions in an optical fiber, respectively, which can be seen from the rising edges of the Brillouin signal at the transition region. Note that the two signals with 8 and 8.2 ns pulses totally overlap at the beginning 8 ns section, and the spatial-resolution improvement is clearly shown on the curve of differential signal, in which a 0.2 ns rising edge of the signal indicates a 2 cm spatial resolution.
As seen in Fig. 1 , the improving spatial resolution of the differential signal is at the expense of a reduction of signal or SNR, which is the limitation of further improving the spatial resolution through shortening the pulse-width difference of the differential pulse pair. We define the SNR reduction of DPP-BOTDA as
where I τ1 and I τ2 are the Brillouin signal intensities with the pulse widths of τ 1 and τ 2 , respectively, where τ 2 is longer than τ 1 . Figure 2 shows the SRN reduction of DPP-BOTDA as a function of the pulse-width τ 1 for the pulse-width differences of 0.1 and 0.2 ns, respectively. It is seen that smaller pulse-width difference experiences larger SRN reduction, and the SRN reduction for the 0.1 ns pulse-width difference is about 3 dB larger than that for the 0.2 ns for the pulse-width τ 1 ranging from 2 to 20 ns. Generally, in DPP-BOTDA, a long pulse pair with a small pulsewidth difference is used to achieve an improved spatial resolution with a narrow Brillouin spectrum. On one hand, note that for a fixed pulse-width difference, the SRN reduction increases with the pulse width, so a short pulse pair is preferable to decrease the SRN reduction; on the other hand, a short pulse will broaden the Brillouin spectrum, leading to a large frequency uncertainty. So for a high spatial resolution with a fixed, small pulse-width difference for a real system, an optimal pulse pair should be carefully chosen by considering the trade-off between the SRN reduction and Brillouin spectrum broadening.
Experimental Setup
The experimental setup is shown in Fig. 3 . Two narrow-linewidth fiber lasers operating at 1550 nm are used to provide the pump and probe waves, whose frequency difference is locked by a microwave frequency counter. A pulse generator is used to generate the pump pulse, which is amplified by an erbiumdoped fiber amplifier (EDFA) before being launched into the sensing fiber. A piece of 10 m polarizationmaintaining (PM) fiber is used as sensing fiber to avoid polarization-dependent fluctuation, and its BFS is 10 820 MHz at 25°C. A 3.5 GHz bandwidth detector with a transition time (10%-90%) of 115 ps is used to detect the Brillouin signal, which can resolve the cm variation in strain or temperature. The sampling rate of the digitizer is set at 10 GHz∕s, which corresponds to 1 cm∕point. A semiconductor Peltier heater is applied to create a hot spot on the sensing fiber, as shown in Fig. 3 .
Experimental Results and Discussion

A. Limitation of Actual Spatial Resolution of DPP-BOTDA
A subnanosecond pulse-width difference can be applied to obtain a cm-order spatial resolution, while the pulse widths of the pulse pair should be carefully chosen by considering the trade-off between the SRN reduction of DPP-BOTDA and Brillouin spectrum broadening for a real system as discussed in the second section. In our system, an optimized 8∕8.2 ns pulse pair, which provides the best performance for the fixed 0.2 ns pulse-width difference, is used to achieve a 2 cm spatial resolution. Nominally, the spatial resolution of DPP-BOTDA is determined by the pulse-width difference of the pulse pair when ideal rectangular pulses are applied. However, the actual spatial resolution would be limited by the fall-time of the pulses, which limits the available minimum duration of the differential pulse. We first investigate the limitation of actual spatial resolution of DPP-BOTDA by using two pulse generators with different bandwidths. The pulse waveforms of 8 and 8.2 ns pulses generated from pulse generator 1 are plotted in Fig. 4(a) , and they exhibit a 780 ps fall-time (10%-90%). The differential pulse, which is plotted as the green curve and is obtained by subtracting between the two pulse waveforms, shows a 500 ps pulse width (FWHM). The pulses generated from pulse generator 2, as shown in Fig. 4(b) , have a 150 ps fall-time (10%-90%), and the differential pulse of 8 and 8.2 ns pulses shows a 200 ps pulse width (FWHM), which is the same as the pulse-width difference of the pulse pair.
The frequency offset between the pump and probe waves was swept from 10 660 MHz to 10 990 MHz with a step of 10 MHz. Using a 0.5 mW probe and a 500 mW pump pulse, each time trace of the Brillouin signal was recorded by averaging a number of 1000 to reduce the noise. With a 5 cm segment located at 4.31 to 4.36 cm heated to 73°C, two separate measurements were carried out with the two pulse generators. The measured three-dimensional (3-D) Brillouin spectra of DPP-BOTDA with the 8∕8.2 ns pulse pair are shown in Fig. 5 . We see that both spectra clearly manifest the heated segments with a high SNR. The fitted BFS and the corresponding temperature of the two cases are plotted in Fig. 6 , where the blue solid line represents the real temperature profile. Comparing the results with the two pulse generators, it is clear that the temperature profile obtained with pulse generator 2 is closer to the real temperature profile; the temperature profile obtained with pulse generator 1 is broadened, and its rising edge (10%-90%) indicates an effective spatial resolution of 5 cm, which is determined by the 500 ps pulse width of the differential pulse rather than the 200 ps pulse-width difference of the 8∕8.2 ns pulse pair.
B. 2 cm Hot-spot Detection over 2 km Range
We then carried out measurements with the 8∕8.2 pulse pair using pulse generator 2 for 2 cm hot-spot detection. A 2 cm segment located at 4.33 to 4.35 cm was heated to 73°C through the semiconductor Peltier heater. The 3-D Brillouin spectra in the vicinity of the heated segment are shown in Fig. 7(a) , where the 2 cm heated segment is clearly shown in the form of the shifted spectra. Figure 7(b) gives the fitted BFS and corresponding temperature, where the measured value of the center point of the heated 2 cm segment matches with the real temperature of 73°C monitored by a thermocouple, indicating an effective 2 cm spatial resolution. The measured Brillouin spectra with 8 and 8.2 ns pulses are plotted in Fig. 8(a) , in which their differential spectrum is magnified by a factor of 20 for clarity. The experimental results match very well with the simulations as shown in Fig. 8(b) . Note that the differential spectrum features two symmetric negative wings and a narrower linewidth. These features are from the pulse spectrum and the differential process. As the measured Brillouin spectrum is the convolution of the natural BGS and the pulse spectrum, it manifests a Lorentz profile when the pulse duration is much larger than the phonon lifetime; when the pulse duration is similar to or smaller than the phonon lifetime, it tends to be dominated by the pulse spectrum. In our case, the 8 and 8.2 ns pulses are around the phonon lifetime in the transient domain; the contribution from the pulses on the Brillouin spectra causes the negative wings after the differential process. The advantage of a narrower spectrum with respect to the original ones is that it can provide higher frequency accuracy.
To verify the capability of long-range sensing, a 2 km single-mode fiber is added in front of the 10 m PM fiber to extend the sensing length. The time traces of the Brillouin signal using a 8∕8.2 ns pulse pair over the entire sensing fiber are shown in Fig. 9 , where the frequency offset is fixed at the BFS of the singlemode fiber. Note that there are up-thrust and down-thrust signals observed overlapping at the front end of and after the Brillouin signal, respectively, which may be caused by the imperfect design of the amplifier circuit of the detector. However, this detrimental signal can be completely removed by the differential process, as shown on the differential signal in Fig. 9 . Near the end of the sensing fiber, a 2 cm fiber segment was heated to 76°C. The measured 3-D Brillouin spectra in the vicinity of the heated segment are shown in Fig. 10(a) , and the fitted BFS and corresponding temperature are plotted in Fig. 10(b) , where the measured value of the center point of the heated 2 cm segment matches with the real temperature of 76°C. The standard deviation of the BFS at the end of the 2 km sensing fiber is calculated to be about 2 MHz, which corresponds to a 2°C temperature accuracy.
Conclusions
First, it is experimentally shown that in DPP-BOT-DA the actual spatial resolution is determined by the pulse width of the differential pulse rather than the pulse-width difference of the pulse pair, and it is limited by the fall-time of the original pulses. Second, considering the SNR reduction in a differential signal with respect to the original signals in DPP-BOTDA, an optimized 8∕8.2 ns transient pulse pair with a 150 ps fall-time is used to realize an effective 2 cm spatial resolution; the differential Brillouin spectrum shows a narrower linewidth due to a transient pulse pair and differential process, which can give a better frequency accuracy. In the end, a 2 km sensing length is demonstrated with a 2 cm spatial resolution and a 2°C temperature accuracy. through a strategic grant, and the Canada Research Chair program for their financial support of this research.
